Introduction {#Sec1}
============

Quantum effects, quantum coherence and non-classicality, of two-level systems (qubits) are key features of quantum physics. They are operational resources, in modern applications in quantum technology^[@CR1]^, as: quantum algorithms^[@CR2]^, quantum computation^[@CR3]^, and quantum key distribution^[@CR4]^. Moreover, the quantum effects and quantum correlations have been explored, both theoretically^[@CR5]--[@CR9]^ and experimentally^[@CR10]^. Recently, due to the rapid development of the real qubit systems based on the superconducting circuits^[@CR11]^ and quantum dots^[@CR12]^, the quantum effects have been further investigated^[@CR13]--[@CR15]^.

Phase-space distributions, Wigner function (WF)^[@CR16]^ and Q-function (QF)^[@CR17]^, are important tools to investigate the quantum effects. The WF distribution^[@CR18],[@CR19]^ is a powerful appliance to explore the non-classicality via the positivity and negativity of the Wigner function. The negativity of WF is a sufficient but not necessary condition for non-classicality^[@CR20]--[@CR23]^. Phase space non-classicality can be visualized through the negative part of WF distribution, which cannot occur for classical light. It is a necessary and sufficient identifier for the experimental reconstruction of an entanglement quasiprobability^[@CR10],[@CR24]^.

The QF distributions are always positive distributions^[@CR25]^, and they are useful for exploring the phase-space information, coherence and entanglement. Entanglement and coherence^[@CR26]^ are crucial resources for quantum information^[@CR27]^. Based on the QF, Wehrl density and Wehrl entropy^[@CR28]^ are introduced to quantify the phase space information and the entanglement^[@CR29]^. These QF quantifiers were studied only for the phase space of the cavity fields, one-qubit^[@CR25],[@CR29]^ and one-qutrit^[@CR30],[@CR31]^. Whereas, in the multi-qubit phase space, the QF, and its applications are still in need of more investigation.

The quantum information entropies \[von Neumann entropy^[@CR32]^, linear entropy^[@CR33]^\] are used to measure the quantum coherence. Wehrl entropy delivers a valuable phase space information on the purity and the entanglement. The dynamics of the Wehrl entropy and the von Neumann entropy are very similar. Without decoherence, the von Neumann entropy, linear and Wehrl entropies of a bipartite-system are used to measure the entanglement between the two sub-systems^[@CR12]^. Whereas, with the decoherence, the Wehrl entropy is used only to measure the phase space purity-loss of one of them^[@CR34]^.

The quantum effects, quantum coherence and non-classicality, deteriorate due to the decoherence effects. The intrinsic decoherence (ID)^[@CR35]^ is one of the phenomena which responsible of the coherence destruction. This ID model is previously applied to the two-qubit system in linear interaction with a cavity field^[@CR36]^, where the intensity-dependent coupling and the coupling between the qubits are neglected.

Motivated by the important role of the phase space quantum effects, intrinsic decoherence and coherent fields in the quantum information, we introduce analytical solutions for the intrinsic decoherence model of two coupled qubits nonlinearly interacting with a coherent cavity-field. Therefore, the dynamics of the non-classicality, the phase space information and the quantum coherence will be analyzed based on the quasi-probability distributions.

In "[Physical model and density matrix](#Sec2){ref-type="sec"}" section, the physical intrinsic decoherence model and the dynamics of the density matrix are presented. While the quasi-probability WF distribution is considered in "[Wigner distribution](#Sec5){ref-type="sec"}" section. In "[Q-distribution](#Sec6){ref-type="sec"}" section we examine the Q-distribution and its associated measures. We conclude our investigation in "[Conclusion](#Sec9){ref-type="sec"}" section.

Physical model and density matrix {#Sec2}
=================================

Hamiltonian {#Sec3}
-----------
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                \begin{document}$$\omega$$\end{document}$) via intensity-dependent coupling. This system can be realized as an artificial atomic system (such as superconducting qubits with a resonator^[@CR37]^ or with LC circuit^[@CR38]^), in addition to the atomic systems (such as atoms interacting with a cavity field^[@CR39]^, nuclear spins interacting with a magnetic field^[@CR40],[@CR41]^).
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Intrinsic decoherence model {#Sec4}
---------------------------

The dynamics of the master equation is described by^[@CR35]^$$\documentclass[12pt]{minimal}
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By using Eq. ([4](#Equ4){ref-type=""}), the dynamics of the dressed state matrices, $\documentclass[12pt]{minimal}
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We focus on the case where the initial state of the two qubits is $\documentclass[12pt]{minimal}
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Wigner distribution {#Sec5}
===================

The phase space quasi-probability distributions (QPDs) are the measure of the non-classicality for the state $\documentclass[12pt]{minimal}
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In the representation of the field coherent state $\documentclass[12pt]{minimal}
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The non-classicality disappears for larger time (see Fig. [1](#Fig1){ref-type="fig"}b).
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Figure [4](#Fig4){ref-type="fig"} displays the dynamics of the minimum of the Wigner function: $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta _{\text {LN}}=0.009296\pi -0.06127\pi i$$\end{document}$ (see Fig. [1](#Fig1){ref-type="fig"}a)). The dynamics of the Wigner function *W*(*t*) is quasi-periodic. We observe that: (1) The Wigner function is non classical. (2) The coupling between the two qubits leads to the increase of the negativity of *W*(*t*) with pronounced oscillations. (3) The intrinsic decoherence rate stabilizes the dynamics of the Wigner function to its stationary state (see Fig. [4](#Fig4){ref-type="fig"}b). The negativity is hypersensitive to the intrinsic decoherence and the coupling between the two qubits.

Q-distribution {#Sec6}
==============

Phase space information of Wehrl density (WD) {#Sec7}
---------------------------------------------

The Wehrl density is one of the applications of the Q-distribution that is used to investigate the phase space information in the coupled two qubit system. The phase space information is determined by the angles $\documentclass[12pt]{minimal}
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Figure [6](#Fig6){ref-type="fig"}a, shows that the phase space information of the Wehrl density can be controlled by the two-qubit interaction coupling. We note from Fig. [6](#Fig6){ref-type="fig"}b that the generated pecks and bottoms of the WD disappear completely due to the intrinsic decoherence.Figure 7The dynamical behavior of the partial Wehrl density *D*(*t*) for $\documentclass[12pt]{minimal}
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Dashed curves of Fig. [8](#Fig8){ref-type="fig"} shows how the coupling between the two qubits, $\documentclass[12pt]{minimal}
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                \begin{document}$$J/\lambda$$\end{document}$, affects the mixedness of the qubit state. The coupling constant *J* improves the mixedness of the qubit A. In the presence of the intrinsic decoherence, the mixdness of the A-qubit is enhanced. We also observe that the amplitudes, the regularity and the stability of the generated mixedness can be affected by the initial coherent field intensity.

Conclusion {#Sec9}
==========

In this investigation, we have explored analytically, two identical qubits. The two qubits are in resonant and in nonlinear interaction with a quantum field. The positivity and negativity of the Wigner distribution are explored to analyze the non-classicality. The intrinsic decoherence and the coupling between the two qubits lead to notable changes in the dynamical behavior of the non-classicality. The phase space information and the quantum coherence relay on the physical parameters. The generated mixedness can be improved by increasing the coupling between the two qubits. The growth of the Wehrl entropy, due to the cavity-qubits interaction, is enhanced by the increase of the intrinsic decoherence. The control of the non-classicality and the quantum coherence opens the door to the conception of optical states with unconventional proprieties.

Recently, the non-classicality and the quantum coherence were used to realize quantum computations^[@CR53],[@CR54]^, quantum tomography^[@CR55]^, quantum interference^[@CR56]^ as well as to implement large cat states in finite-temperature reservoir^[@CR57]^.
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